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Abstract—Nonlinearity is becoming increasingly important to
IC technologies. From the PHD formalism, X-parameter models
provide an accurate frequency-domain method under large-signal
operating points to characterize their nonlinear behaviors. In
this work, X-parameter models are investigated to handle time-
domain pulse signals which is critical to IC signal integrity but
was not studied before. Two representative circuits, an analog
LNA and a digital CMOS buffer, were employed to characterize
the X-parameter performance. The results obtained in this paper
provide the first hand data for pulse signal responses of X-
parameters in signal integrity modelings.
Index Terms—Nonlinearity, polyharmonic distortion, pulse sig-
nal, X-parameters.
I. INTRODUCTION
Over the past decades, the behavioral modeling of IC
and RF/microwave circuits became increasingly important
[1]. As the operating frequencies and bandwidth continue to
rise in modern technologies, most devices exhibit nonlinear
behaviors. This fact causes a surge demand for powerful
nonlinear simulation and measurement techniques to char-
acterize, describe mathematically, and validate the efficient
numerical solutions to RF/microwave and IC components. S-
parameter is the network parameter that has been used widely
in signal integrity and RF/microwave frequency domain. But
it has been limited to small signals and linear behaviors. X-
parameter concept was developed by Root and Wood [1], [2].
Mathematically it can be treated as an nonlinear extension of
S-parameters to large signal conditions for analyzing the non-
linear behavior in a robust manner. It was first introduced from
polyharmonic distortion (PHD) modeling [2], [3]. According
to it, the construction of nonlinear electronic systems could be
implemented through a framework.
Responses of X-parameter models to single or several
continuous waves (CW) have been properly discussed [4]. In
this paper, we investigate the X-parameter model response
to pulse signals, which was never studied before. It is an
interesting issue because it explores the possibility of using
X-parameters for the characterization of digital circuits. It has
deeper impact since digital circuits such as ICs have broader
applications.
The remainder of this paper is organized as follows. The
PHD models represented along with X-parameters are de-
scribed first. Next, the methodologies of building X-parameter
models and processing pulse signals for X-parameter sim-
ulations are introduced. Then, simulation studies using the
representative analogy LNA and the digital CMOS buffer are
presented to discuss the performance of X-parameter models
for pulse signals in signal integrity.
II. PHD AND X-PARAMETER FORMULATION
The basic concept of X-parameters is proposed on the PHD
model, which is based on the principle of harmonic superpo-
sition. In this section, the PHD and X-parameter formalisms
are to be discussed.
A. PHD
One of the first papers introducing PHD behavioral models
can be found in [2]. PHD framework is a black-box, frequency-
domain modeling techniques. The annotation black-box indi-
cates all needed information is acquired externally to make it
technology independent [3]. The PHD modeling approach can
be considered as an nonlinear extension of S-parameters under
large signal conditions.
Bpk(|A11| , f) =
∑
q
∑
l=1,...,M
Spq,kl(|A11| , f) · P k−l ·Aql
+
∑
q
∑
l=1,...,M
Tpq,kl(|A11| , f) · P k+l ·A∗ql
(1)
Tp1,k1 = 0 (2)
P = ejArg(A11) (3)
where Aql is the lth harmonic of the incident wave into
port q and Bpk is the kth harmonic of the scattered wave at
port p. Spq,kl is a S-type scattering parameter that accounts
for the contribution to the kth harmonic at port p due to the
lth harmonic of the incident wave in port q. Tpq,kl is a T -
type scattering parameter that accounts for the contribution to
the kth harmonic at port p due to the lth harmonic of the
conjugated incident wave in port q. In (3), P is a pure phase
that, along with the magnitude-only dependence on A11 by
convention [2]. The S and T functions describe a full set of
parameters to completely characterize the nonlinearities.
B. X-Parameter
A full matrix representation of X-parameters could be found
in [4]. It is shown that not only harmonics and ports but also
real and imaginary components must be separated in an X-
parameter matrix formulation. X(kl)pqri is the contribution to the
real part of the kth harmonic of the wave scattered at the
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Fig. 1. The X-parameter simulation setup for pulse signals.
pth port due to the imaginary part of the lth harmonic of the
incident port at the qth port [4].
III. X-PARAMETER SIMULATION SETUP
In Agilent ADS, the X-parameter models are generated by
using the ADS X-parameter generator. Then the resultant X-
parameter model can be used with other circuit components
to perform the X-parameter model simulation.
Since the X-parameter model in ADS only works with
power input sources, it is difficult to input the pulse signal
into the model. To overcome this issue, we input a pulse signal
generated in a Matlab program. Then the Fourier Transform
is employed to extract the frequency domain harmonics of the
pulse signal. Then, a sequence of power input sources, based
on the spectral components of the pulse signal in the unit of
either W or dBm, are generated along with phases in ADS.
The simulation comparisons between the X-parameter mod-
els and the direct circuits were studied. Next, the output
data in frequency domain was sent to a simulation program
which does the Inverse Fourier Transform to recover the time
domain data for comparison. Fig. 1 displays the X-parameter
simulation setup for pulse signals.
IV. RESULTS WITH LNA AND CMOS
In order to find out the performance of X-parameter models
for pulse signals, simulations were performed with two cases:
an LNA and a CMOS buffer. The results are shown as follows.
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Fig. 2. The gain of LNA.
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Fig. 3. LNA output magnitude in the frequency domain.
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Fig. 4. LNA output signal in the time domain.
A. LNA
LNA is a representative analog device primarily working in
its linear region to amplify weak signals. Because of limited
bandwidth of LNA, when a pulse signal is used as the input,
the high order harmonics of the input signal will suffer sharp
drops through LNA. Hence, non-linear effects are expected
when the pulse signal is the applied.
The amplifier schematic used in this work was from the
example directory of ADS 2009 Update 1. Its X-parameter
model is generated with the ADS X-parameter generator. An
X-parameter data file is created and used in X-parameter
model simulations with the comparable setups as that for direct
LNA simulations. The comparison results of both circuits with
20 harmonics have been investigated.
The input is a 70-mV pulse signal as the saturation limit of
LNA input and output occurs beyond 70 mV. Fig. 2 shows the
LNA gain vs frequency. The highlighted portion from 0.3 GHz
to 6 GHz is chosen for the reasonable gain range. Fig. 3 shows
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the output magnitudes of both direct LNA and X-parameter
models. The solid line represents the direct LNA result, and the
dash line with circle points is the result using the X-parameter
model. Fig. 4 reveals the Inverse Fourier Transform of Fig. 3
in the time domain. It is obvious to see that both simulations
match correspondingly well.
The reason for the distorted output from the pulse input
signal is due to the limited bandwidth of the LNA. Its gain at
higher frequencies (such as above 5 GHz) becomes relatively
small, which distorts the signal.
B. CMOS Buffer
The CMOS buffer, used in this work, is constructed with a
couple of identical CMOS inverters in 0.8 µm technology.
To validate the buffer, one fundamental frequency in the
Harmonic Balance simulator was first performed.
The generation of the X-parameter model for the CMOS
buffer follows the same procedure as described before. The
input pulse signal and its spectral components are shown in
Fig. 5 for both time and frequency domains. The pulse signal
is designed to have a 5-Volt amplitude and the sampling rate
is 40/ns. The average magnitude DC point is observed at 2.5
voltages.
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Fig. 5. Input pulse signal in (a) the time-domain and (b) the frequency
domain.
A 1-GHz large signal was first used to excite the CMOS
buffer at the fundamental frequency. Small signal tones are
then sent to the input port at the harmonic frequencies of the
fundamental. X-parameter models are defined according to the
different combinations of excitation at the input port. Next, the
results with selected harmonic numbers (1, 3, 5, 10, and 20)
of harmonics for comparison between the direct buffer and the
X-parameter model from Fig. 6 to Fig. 10, respectively.
The ADS X-parameter generation only works with AC
simulations. As a consequence, simulating DC condition sep-
arately is needed to complete a full simulation. Then both
X-parameter model and the DC component are combined to
make it comparable with the original circuit.
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Fig. 6. DC + Fundamental signals at 1 GHz.
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Fig. 7. 3 Harmonics signals with 1 GHz fundamental frequency.
Fig. 6 shows the DC and 1-GHz fundamental frequency
results of the buffer. As more harmonic frequencies are added,
the outputs of the pulse signals have the ringing artifacts
due to Gibbs phenomenon in signal processing for the buffer
circuit. When the number of harmonics rises, the error of
approximation is reduced in width and energy (amplitude).
A convergence to a fixed height is also observed in Fig. 10.
As observed in the X-parameter results, there is an undesired
short pulse, or referred as glitch, on the output signal when
it switches to the high state in Fig. 10. Its reason might be
that transistors in X-parameter models are not fast enough
when switched on and along with another cause of ringing
oscillations in square waves. However, another case with 0.1-
GHz fundamental frequency and 20 harmonics shows the
correlation without a certain delay and a glitch effect (see
Fig. 11).
In spite of the Gibbs ringing phenomenon and the glitch,
the X-parameters models (the dash-dot lines from Fig. 6 to
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Fig. 8. 5 Harmonics signals with 1 GHz fundamental frequency.
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Fig. 9. 10 Harmonics signals with 1 GHz fundamental frequency.
Fig. 10) showed reasonable results compared with the standard
ADS simulator results (the dash lines) under a CMOS buffer.
Hence a further investigation on CMOS circuits with X-
parameters models could be a potential study subject.
V. CONCLUSION
This paper studied pulse signal responses of X-parameter
models. It is interesting to digital circuits but was never
addressed before. The benchmarks demonstrated that X-
parameters/PHD formulations with the assumption of the
harmonic superposition can produce satisfactory results. Com-
pared to direct solving, the X-parameter models can obtain
good agreement in the simulated data regarding to the non-
linear property of both analog and digital circuits. Hence, X-
parameters could be a novel ways to handle signal integrity
issues in IC interconnect and packaging modeling.
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Fig. 10. 20 Harmonics signals with 1 GHz fundamental frequency.
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Fig. 11. 20 Harmonics signals with 0.1 GHz fundamental frequency.
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